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The aim of this note is to investigate the average direction of the main field in the LHC main 
dipoles, as measured in industry. The field angle values are taken at room temperature with 
the DIMM measurement system and expressed with respect to the cold mass mean plane 
which is defined by the fiducialization carried out by TS/SU. Due to a sign error in the DIMM 
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Introduction 
The definition of the sign of the different components of the field angle in the main 
dipoles is still an issue and a permanent source of confusion when measurements 
taken with different methods are to be compared.  This confusion partially results 
from the fact that the measurement systems used for room-temperature 
measurements in industry (DIMM systems) have been developed and used before a 
consistent sign convention had been set up and data has never been corrected 
afterwards.  
Furthermore, errors in the read-out software and the use of inconsistent conventions 
with respect to the angular signs could be gradually identified up to today.  
 
Results 
According to the sign convention first introduced in LHC-M-ES-0001 [1], the field 
angle is counted positive if the angle turns anti-clockwise and is seen from the 
connection side end of the magnet.  
Only the data of Firm1 and Firm3 are considered, since the jig measurements in 
Firm2 cannot be related to the CERN references. Consequently, the jig measure-




































mole 4 (aperture 1)
mole 23 (aperture 1)
mole 5 (aperture 2)




Fig. 1: Measured field angles versus magnet number in Firm1. For reasons of 
readability, error bars are omitted here. Max. expected error on a single 
measurement is 0.56 mrad. 
 
In Firm1, the jig has been operational since 8th July 04 and a total of 173 
measurements per aperture have been taken meanwhile. From Fig. 1, it can be seen 
that only a small number of magnets shows field angles outside the limits for beam 
dynamics [2] (± 1mrad). From the data distribution shown in Figs. 2 and 3, it can be 
seen that the mean values of the measured angles depend on the mole in use and 
the data do not distribute around zero, an indication that the moles most likely add a 
mole-dependent bias to the angles in the range of -0.6 to 0.6 mrad. The standard 
deviation, however, is roughly 0.4 mrad for all cases and independent of the mole in 
use. 
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Fig. 2: Distribution of measured field angles in Firm1, aperture 1 depending on the 
mole in use (left: mole 4, 97 meas., right: mole 23, 76 meas.). 
 
 
Fig. 3: Distribution of measured field angles in Firm1, aperture 2 depending on the 

































mole 8 (aperture 1)
mole 14 (aperture 1)
mole 12 (aperture 2)




Fig. 4: Measured field angles versus magnet number in Firm3. For reasons of 
readability, error bars are omitted here. Max. expected error on a single 
measurement is 0.56 mrad. 
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In Firm3, the jig has been operational since 24th May 04 and a total of 249 
measurements per aperture have been taken. From Fig. 4, it can be seen that the 
data depends significantly on the mole in use. Measurements taken with mole 16 
show only a small number of field angles outside the limits for beam dynamics [1] 
(± 1mrad). Mole 14 is known to have a problem with the mechanical connection to the 
motor mole which caused the mole to operate in two stable positions only as is 
demonstrated in Fig. 5 on three magnets. Consequently, the data shows the largest 
spread and cannot be considered reliable (see also results in table 1). Moles 8 and 






































Fig. 5: Field angle values measured with mole 14 show jumps in arbitrary positions 
along the magnet axis. For reasons of readability, error bars are omitted here. Max. 
expected error on a single measurement is 0.56 mrad. 
 
From the data distribution shown in Figs. 6 and 7, it can be seen that also in this firm, 
the mean values of the measured angles depend on the mole in use and the data do 
not distribute around zero (shift of the mean values is in the range of -1 to 0.8 mrad). 
The standard deviation, however, is roughly 0.35 mrad for all cases, except the 
defect mole 14, and is independent of the mole in use. 
 
Fig. 6: Distribution of measured field angles in Firm3, aperture 1 depending on the 
mole in use (left: mole 8, 20 meas., right: mole 14, 229 meas.). 
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Fig. 7: Distribution of measured field angles in Firm3, aperture 2 depending on the 




The measurement accuracy is considered to 0.35 mrad for the DIMM system (mole 
reproducibility), 0.3 mrad for the jig data, and 0.3 mrad for the Leica measurement1. 
From the quadratic sum of these numbers, we obtain a maximum error of about 




After the correction of the signs, the angles for Firm1 and Firm3 are well within the 
limits of ± 1mrad, with some exceptions as shown in table 1. With the assumption that 
the calibration values are correct and that source of the shifts in the mean values is a 
mole intrinsic feature2, all angles can be considered as zero within the measurement 
accuracy. 
 
 Firm1 Firm3 all Firm3 w/o mole 14 
Total number 346 498 269 
Out of limits 34 85 16 
Percentage 9.8 17.1 5.9 
 
Table 1: Percentage of measured field angles out of limits in Firms1,3 (raw data). 
 
 Firm1 Firm3 all Firm3 w/o mole 14 
Total number 346 498 269 
Out of limits 10 53 0 
Percentage 2.9 10.6 0 
 
Table 2: Percentage of measured field angles out of limits in Firms1,3 after 
subtraction of the mean values, assuming the mean values to be a mole intrinsic 
feature (raw data-mean values). 
 
                                                 
1 Numbers from MTM-FM section. 
2 An analysis of the variance of the data sets coming from mole 8, 14, 12 and 16 shows a probability of less 
than 1‰ that these data sets have no systematic offset. The source of the mole-induced offsets still has to be 
verified by MTM-group. 
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APPENDIX 
 
From measured data to the weighted average – data treatment 
The weighted average of the field angle with respect to the cold mass mean plane,  ϕ planemeanCMwrttrue,  is directly comparable to the measurement taken with the single 
stretched wire at room temperature. This entity is calculated from: 
 














 - roll_mag + roll_Leica, 
 
where  denotes the main field value in the local position n  and cn ϕ nmolegwrt ,r  is the 
local field angle measured in 20 positions along the magnet axis with respect to the 
gravity of the mole coordinate system. Roll_mag denotes the roll of the magnet mean 
plane on the magnetic measurement bench with respect to gravity. This roll is 
obtained by averaging the jig angles measured at the two magnet ends and has to be 
subtracted. Roll_Leica is the roll of the magnet on the Leica bench and has to be 
added following the sign conventions. Note that this sign convention assumes that 
the gravity direction is the origin of the angles in step 1 and the CM mean plane the 
origin in step 2 (see also Fig. 8) and explanations below. 
The result has to be corrected for the mole offset ϕ offsetmole _−  (for each mole 
individually). From the calibration, the mole offset is given at an inverted sign 




Fig. 8: Arrow diagram of the references of the field angle. 
 
For historical reasons, these data is not stored in Oracle directly, instead we store: 
(1) the local field angle in 20 positions ϕ n  for n = 1…20, and 







∑ == n nmolegwrtϕϕ r    and      ϕϕϕ int, −= nmolegwrtn r . 
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The measurement of the field angle is expressed with respect to the CM mean plane 
after two steps: 
1. Measurement of the field angle versus mole gravity and measurement of the 
average jig angle (D9, D10) versus gravitometer (roll_mag) carried out on the 
magnetic bench. 
2. Identification of the CM mean plane and measurement of the D9, D10 direction 




Check of the field angle in the industrial measurement system 
The convention as used in the DIMM measurement system has been checked in an 
exercise in industry. For this purpose, the mole was inserted into the aperture and 
manually tilted by a large angle in two steps: clockwise and anti-clockwise (as shown 
in Fig. 9). With the beginning of the measurement, the mole starts its leveling by 
rotating into the position of zero angle with respect to gravity. This leveling has been 
aborted manually and the angle values were read out. It could be seen from the sign 
that a positive tilt of the mole which is equivalent with the read-out of a negative field 
direction indeed reads out an incorrect sign and gives a positive value of the field 
angle. 
Consequently, all signs for the field angle as stored in the .txt files, the excel 
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Correction of signs and software problems  
A number of sign errors and problems in data treatment have been found and could 
be corrected as listed in table 2. 
 












ϕ calibmole _  Leveling angle of mole Measurement system Nov 04 Yes (in measurement system) 
ϕ offsetmole_  Calibration angle of mole Measurement system June 05 Yes (during data extraction) 
Sign(ϕ int ) Sign of reference 




























After the correction of the signs, the angles for Firm1 and Firm3 have been extracted 
following the formulae given above. All measurements are dated after May 04, since 
no jig data exist before this date. Also the data of Firm2 are not considered due to the 
lack of jig leveling data. 
 
After the check of the field angle signs in the reference system, the signs of the local 
field angle, the reference angle of the mole and the calibration angle have been 
changed. This resulted in all cases in a reduction of the spread of the field angles as 
is shown in Fig. 10 (measurements with moles 4 and 23) and Fig. 11 (measurements 
with moles 5 and 24) for Firm1.  
The angles measured in Firm3 are shown in Fig. 12 (measurements with mole 14 
and 8) and Fig. 13 (measurements with mole 16 and 12).  
 
 



































mole 4 (signs corrected)
mole 23
mole 23 (signs corrected)
upper limit






Fig. 10: Angle measurements in ap. 1 of Firm1 before and after sign correction 

































mole 5 (signs corrected)
mole 24








Fig. 11: Angle measurements in ap. 2 of Firm1 before and after sign correction 












































mole 14 (signs corrected)
mole 8








Fig. 12: Angle measurements in ap. 1 of Firm3 before and after sign correction 




































mole 16 (signs corrected)
mole 12









Fig. 13: Angle measurements in ap. 2 of Firm3 before and after sign correction 
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